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Swumarys

' (1) Froyress Report includes I: isrim Report, "Thei'mal Constants of Thin Filmo".

2) Exploratior of possible or:ical systers f'ar t:st of sealed off suggests
use of Bulid system in spi:.c of inheresnt disturtion when image is focused
on nlane m rface.

(3) Delivery of low temperatur: source IF sy:tem :cheduled for early in
January.

Opticel Systems:

As indicat«d in the Octobe: report a special :spheric corrector plate
rust le :mployec in a reflsctivi. optical system if an abberative free image is
to be obtained (n a plans surfec:. (The glass film target caanot be made
curved). Mr. Hint, of BuShips, has explored the r>ssibility of locating just
such & system 11. the various burcaus but the indiciations to dste are -hat said
systen is not o:istant. As a result it has been virbally agreed that BuShips
will procure far us one BuOrd system with silver chloride corrector plate far
L" radius spherical image surface. Only & small portion of the field will be
used in arder to minimize the abberation. This still will permit fina) check
of sensitivity and resolution of a seeled off glasc film orthicon. The
results should indicate whether design and buildin:s of a new optical syster is
warranted.
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J.R. Test System:

The vacuun low temprature source and optical system will give an
absolute figure of sensitivity. This piece of equipment is scheduled for

delivery early in Jamary but will require several weeks for installation and
aligrment before this data csn be taken.

Lpproved:

? | /ﬁ

5. F. Essig, Project IEngineer
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THERMAL CONSTANTS OF THIN FILMS

INTRODUCTION

This paper is 2 summary of the impcrtant thearetical and experimental
results obtained in the devslopment of thin fila heat detectors. Our
rain purpose will be to outline clesarly what has been dons in order to
see along what lines further experimeinial research can be dirested. The
rethods of determining the quantities vhich enter into the theoretical'
,discussion are illustrated and data are presented showing results obtained
on Corni;ng 008 glass films.

Previous experimental results have ylelded a value of thermal con-
ductivity frcm.lo to 20 times the bullk walue of the thermal coaductivity
of 008 glass. This discrepancy has baun recheciced by 2 moro t'm;raugh
investigation leading to values of thc:mal conductivity as low as twice the
tulk value. In view of the fact that ihe results depend upon the operating
conditions of the orthicor and the theory applies only to small signals,
the results are considered as showlng : fair agreemsnt between theory and
exporiment.

A previous reportl) deseribed the steady state probiem of the distri-
tution of temperature in z thin film T« a given radiation inpat. The
reportl) .
tion equation and also discusses the sciiutions to the equation for various

states the fundamental assumpi.ons made in deriving a heat conduc=-

input patterns of radiaticn. The equai-on and the solution for- a single -

' 1) The Distributiocn of Temperature in “hin Films: Recearch Mimo 189.
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bar or sirip pattern is used as a starting point for tkis discussion.
Tae bar pattern leads to a relatively cimple one dimensional squation whose
solution can ba written in closed forr.. This is a great advantage for

caxmputetional purposes and explains tle emphasis on this particular input
pattern.

Thwe equation is:
. 2 LY)=0  fix )= padiatio
. @2 T 1B MY foyy )= radiation
o  vET-pITTA S T pot fonciin

warTo

3 A
@ E g T

_gre Ty

(3) /32' —;%"‘S':'—“"

€ = emissivity of surface
¢ » Stefans constant
T = anhient temperature

T = temporaturs rise of s :{ace above ambiecnt
(considered a sm- 11 quantity)

-
]

intensity of incoming cnergy

-2
a

heat conductivity of ii'm
& = thickness of film

The solution to equation (1) far ¢ single bar putizrn of ridth 2w,
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infinite length and uniform intensity, focussed on an infinite plane screen
is given by:

-BW" _
W T= M ):_l —~ C:";-a—-— (e,""-:-e pj)] for X<wr~
)ﬁ e "/gw' —ﬂx
) T = M [ & —;]6

whore 2w = the wicth of the Lar pattern

x = the coordinate nmecsured perpendicular to the
length of the biar of illumination

Tt can be shown that the edge effect due to the finite size of the
target £ilm i8 small, much less than ! percent, providing the width of the
bar is kept to say one=quarter the dloacter of the screen.

Equation (5) gives tre distributin of temperature outside of the
radiation pattern and this rise in terjerature is due to the sidewise
heat, conduction of heat from the 11lwirated strip.- The sharpmess of a
therma’l. image will depend vvon how f2'.f. the "wings" of the tempsrature
distribution die out to sr211 values . ith increasing x. Equation (5) shows
that B will determine how fast the terrerature rise of the film reaches a
n23ligible value outside of the radia icn pattern. For this reason $ is
called the shaping fector ind for a si'2rp thermal image 8 should be as
large &s possibleo' Consid:ring the a:ient temperature and the conductivity
a3 fixed, equation {3) indicates a th :kness as small as possibls and an
eunlssivity as larpe as pecasible for & raximm 8-
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A check on the theory will be if an experimentally determined B, €,
¢nd & leads, through equation (5), to a value of A in agreement with
i¥e knwm values of bulk conductivity for the materials composing the fiim.
“he value of 8 i3 obtained by @ stamiard interferomstric method and the
1etnod will not be considered here. I3thods accounting for the effects of
ike chrordum backing will be described and experimental evidence showing
ite effectz of the becking presented.

CRANSI 3N CASE

A frwestigation of the tramsier: case is particularly useful since
ire oo axpact o gelt a measure of em .usivity from the decay time of &
:deoaded M41m. The reason is that a f ooded £ilm will lose heat primarily
1y radiation and the rats at which th: film loses heat is dependent on the
erdesivity.

Tiwre are two cuses to be considirad.

(4SE 1: Ths growth of the heat patie:1 upon application of the radiatiom
pettera. We again considor a strip pottern of width 2w. The equation and

heundavy conditions for this case axe:

2T LT @A fex ?E.f«é-f
T F Tyt $e) A dE

C = specific ab

j@ = density

% = Hing
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The initial condition is:

T=0 when t =0
“he boundary condition is:

T=>0 when x> =
vnere

él whe ]

f(x) = (0 whe W

CASE 2: The cooling of a film vhen the bar of radiation is removed. The
ccquation and boundary and initial conditions are:
2T _ e T = ﬁ }) T

’bx

"he iniitial condition is:

Te ufl- Qw——C&'Gx "’27 for X<w~

. oﬁ“f’ - w
""; - /& l - J& ﬂ X ! or X~
nd T30 when iIxpe

Because Case 2 does not contain an inhomogeneous term in the differen-
t1al equation, it can be solved in a straight forward manner. For the sake
of complsteness the solution will be recorded here, but the detalls can be
tikipped without losing contimuity. One has ths equation

dDX*

.,,/s,,ﬁ’

letT= §E and substituting we have
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»Ee _ erye L 3¢
DK% ,be”é' K ot

| 3> 0 &
(6) K 3%@2., E’

Where tke initial distribution of temperasture is given by the tempere~
ture distribution for a bar pattern, l.6., vhen t = O

'0—-/‘4["’ ep (efte J
(7) o, = /M[gﬂ‘;‘:e M]e4x

By substitution it can be shown that the solution to equation (6) is given

2(x,t)= %_[[ e '+6"") e’%‘xr

(9)

&
Vit L wr

We concern owrselves now with the behaviour of the mer&hn'e wi.th
tine st the point x = 0. Thus équation (9) becames
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w‘ 2

SOOHE. = (it & ET D
/" 9 2
W’@“M AN e‘“"e fe e o !

4{

I'v changing the variables of integration each of the four integrals oan

te wransformed as followss

g“&%’é%ﬁm .2/"'2— e ;o(f

W
Thus the expression far 0 becomes w

T Rt
@(%é) H;.L._, - :L( ‘T "Jf C"'ﬁ‘-”b"k’j 8:;0/’
o tArRE &

() | -5w'6‘a/f e- h(; +(€@¢ew)ééﬁf‘fd

TR INEE
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Since ? = 8 ve have - “’;—pl’l&
Y w| o-F
T(C’)t) [T 2 e_/a ([:é"‘fdff'é’ < 4
~ [y %) '_c’,/- ‘ﬂf
Xrcs HR e
— ,::’63“'7 ‘g’if{:/f +(e’:’é.ﬂj e"f‘#f
n i iFE I

If we let w;} «, 1.n0., flood tho £ilm with radiation, we get a2 very
useful result since the last thrae integrals epproach zero while

o
/ i, (T
L 200 A C»‘ fo/;. - Z"
Thus
(10) Tf_,f;m, é‘) = 7 = e—»v"'f'

for a flooded £1ilm woere
ﬁak = 1#‘

It t1/2 is the tims necessary for the termperature of the flooded film
%o fall to one-half moxiram, we have

AR S I e
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3
sice /B *= 8—66\'7; and K "}'
( Ay C/"

than Y - ?6' v 7:
Ser

, S IR Sep
(12) L = —p-J
Y o 7"3 Z}' : Sl IS

fquetion (12) enables us to make s measurement of the emissivity of

xr

tho ilm.

Thit same result for the emissivity has toen derived in a British
soport. (Addendur to C.V.D., Quarterly Report No. 17) from differemt con-
sidsrotions. Suppose ws consider no sicewise conduction then ths rate at

gshich an area loses heat is given by

TerTo" T

The ate of heating per unit area of film is equal to

d 7
SCL I

3f K = rate of absorption of radiation then the balance of emergy is

A7 L Zea—7237— e

I Se o =3 <
CONFIDENTIAL
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Thoe solution to this equation if T= Owhen t = O is8

- gea, 3
?60‘7 (/ 7 [

This equation applies to a flooded film because that sitnation should
approximate no gidewisns hoat flow. The time constant i3 just the samo as
the value previously obiained.

Fquation (12) enables us to make £ measurement of enissivity of the
f1Im.  This measursrnent does not depenci upon A or B and requires only

the mwasuramont of *’1 /2 The valuec of C /’ and V‘ - can be obtained
fram tables of physical corstants.

DETERMINATION OF (3
Experimental leasursment of

Consider the steady state solutions 40 tle heat conduction equation (1)

for a bar patterc.

7
-. (73 a0 -8
] = m Z ) — &8 ':ee‘f' {f{or X (l)

Sw_
/”"[e e’ /6 1“"’“ K7™ ()

tow consider cnly the point x = 0, then from equation (L) we have

- PBw
(13) T .=l )

max
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For a flooded film, i.e., w->» =, we have

(1) Tﬂ = n
Taking the ratio of the above expressions we have

(15) S SRR

Furthermare we ;assume the current i, resistance R of film, and temperature
T are proportional

L X R e/
(' ) Therefore
(36) 1, Sl =1-e "

From the arthicon and line scan apparatus described in previous reparts
we obtain the values for the ratio of currents imax/l . Flgure 1l is a
. 1

typical experimental measurement. The interpretation of the current traces
"on the oscilloscope depends on the assumptions that changes in temperature
are small and that the orthicon is operating under the correct operating
conditions. The bar radiation pattern is scanned perpendicular to its
length giving the rounded peak. Then the lower trace is taken with no
incident radiation. The current corresponds to ambient temperature. Finally
the £ilm is flooded with radiation, having the same intensity as the bar

(:) pattern. The current corresponding to the flooded film is represented by the
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upper trace. The required ratio of imax/iﬂ

is taken from the oscillograph

traces. Pw can be obtained directly from equation (16) and since w is
mowm B can be determined.

Experirnental Measurement of €

In the previous section it is shown in great detail how the emissivity
of the £film is related to the decay time of the temperature of a flooded
£ilm.

Figure 2 shows a typical oscillograph trace from which € ecan be
cbtained. By callibrating the sweep frequency of the orthicon electron beam,
the time interval between sweeps is mown. Thus the number of traces
betwean maximum current and one-half maxirmm gives tl /2 and € 13 obtalned
by substitution in equation (12).

Measurenent of Aay

From the results previously cbtained we can derive an average heat con-
duectivity for a composite film.
We have from equations (3) and (12) °

52= 8610;723 (13)
¢ = Loge % S/O,

— 7

g o o Z"Zf:

an
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The product of the two expressions yielr}

| _ vty A
.po‘?c L C/o
(18) /‘ A 7 /
T+ A

Since the quantities 6/0 for glass, metal, and lampblack do not
differ greatly, and the glass forms the major part of the mass of the
film, the value of 90 for glass may be used with small error. The
quantities  and t1/2 are obtained directly from experiments. Ideally
the valug of lav should be that of glass. However, the effects of the
backing materials increase the values of A - above that of bulk glass.

Note that equation (18) does not depernd on a measurément of thickness.

SUMMARY OF RESULTS

Now the basic formulae are stated and they must be interpreted in
terms of the physical situation. The films are not homogeneous, but con-
sist in general of a glass film with a conductive backing, usually
evaporated chromium, and a radiation absorbing coating. The question now
arises, what is the interpretation of the quantities €, 8, and A which
enter into the formulae and how are they related to the experimentally
measured values of B, the thickness of the glass f£ilm, the blackening
layer, and the decay time of a flooded film. As an aid in discussion the

{ two equations used for computation are:

| CONFIDENTIAL
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rearranging equation (3)

c . leg. 252/ ()

and /‘.w- :_ﬁjo.f_ekz'cfo__ (18)

The values of the constants appearing in (17), (18), and (19) used for

mmerical work are:

In 2 = 0.69
cal
cf = 0.48 cm3 0g = 2.0l watts —~Seé
. cm? oc

watts

-12 Lo, Lo U
g - 5.7 x 10 cm2 och

= K
To 300
The heat conductivity of chromium is

watts 0.168 cal
en °C T Ve sec em OC

1 . = 0 ¢69
chromium h

The heat conductivity of the bulk glass is taken as

7\‘_. _ = 0,002 ._3..‘1];_.6.
§1ass sec em C
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Note that equation (18) is derived from equation (19) by substitution’
of the value of € given by equation (17). Equation (18) is merely a con~
| - venient forumula, but does not contain anything new. The quantity to be
| caleulated is the conductivity of glass using experimental values of t:/z’
B, and 8. We neglect the effects of the blackening layer and consider
only the composite film, glass plus chromium. Further the chrome layer is
less than 2 percent of the total thickness of the film, thus within the
linmits of experimental accuracy the thickness of the glass f£ilm is taken to
~ be the thickness of the composite film. We now proceed to calculate the
condvctivity of glass in two ways. The methods will be shown to be the
same.

METHOD 1: The basis for this calculation is the assumption that the
J heat conductivity of the composite film is given by the weighted average

A oA Oglass , A Omotal
(20) av glass metal 8

3 >>8
Sinea lags sata we can write

- - \ 2 O metal
(21) av glass metal

Using this equation and equation (18) the values of A  Sank can be computed.

METAOD 2: The basis for this calculation is the assumption that for
purposes of heat conduction we can replace the composite film by a glass
film having an effective thicikness defined in a reasonable way. The

{5, effective thickmess of the camposite film is defined as the sum of the real
thiclkress of the glass film plus a fictitious thickness of glass, which

! ' CONFIDENTIAL
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would conduct the same amount of heat sidewise as the given layer of
chromiun. The effective thickness is given by

A

metal
(22) 8 ” = 0 + Py O metal
e glass

This effective thickness and equation (19) are used to calculate A. |

We now show that the two assumptions (20) and (22) are equivalent.

Comsider the boundary between two semi-infinite media 1 and 2 having heat ’
conductivities Al and 7*.2 respectively.

i

i\, flz_

@
—=-

Py e

Assume a unit temperature gradient normal to the paper. Thus the rate

of heat flow across rectangles ab and ac are

7 _.Aab and M2 = ~hac respectively.
J——— 1 . s 2
dab dt -

The sun is

f_Q__l + i?_g = =(Aab + A _ac).
d% at 1 2
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Now ueing equation (20) we define an average heat conductivity lav by

A = b + A (]
av 1 B¢ 2 B+

Using this average heat conductivity calculate the rate of heat flow.

L3

Qo -
& (11'5%8 +§\2 B%c_) a(b+c)

= -(7\1ab + 7\2ac)

Ueing equaticn (22) we define a fictitious size for rectangle 2. We
have for the effective value of C

ka
-;-;'-1 C.

Using the value 7\2 for the heat conductivity of the fictitious rectangle of

area

a(b +;g c)
1
We have for the rete of heat flow
Ao
g% = -7‘ia(b b c)==( 7iab + Rzac).
Thus the methods are equivalent.
The problem nmr lies in the interpretation of the quantities appearing
in equations (18) and (19). Using equation (19) and substitating for O,

CONFIDENTIAL
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the effective thicimess of the film, we bave.

e;r- ’
- e
)‘glass ( Y
2 metal
B (°+r;]';; ®notal)
- 7 e
20 . Mmetal O
7*'glass

Thus

(1 + _metal °meta1) ) "/e
?\glass A 5 8

0 7 Onetar
= € = meva.l
$o hglass ‘Laé‘g Metal 6

Remenbering aglass >> bmetal

Thus 8 .-: 8
. glass

where /7""' ga—

Or we have from equation (18), substituting for the average thermal con-

ductivity,
5 Vedi
A + X _metal _ /¢
glass “metal o) B’- 8

€ - '}\ oneta]-
metal o)

=

Rng.azss BZ 8
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Now reczlling the derivation of equation (18) we see that we can write

+ 5mset"a.l

_1n 23 g’C = A
- glass metal &

lav {325 ntl/z

(23)

Ostensibly O8' = 0" and we get equation (18). Rewriting equation (23), tbe

value for A glass is
1n 2°C Spetal

Equation (24) is the final result for the heat conductivity of glass
and is used for the numerical calculations. Table I gives the values for the
conductivity of glass as determined from equation (2h). The values of A
glass indicate that the correction factor to the average heat conductivity,

5
i.eq, Ametal ® me;,al is not as large as it should be. This trend is

showm in the data since the thinest chromium backings give the best agree-
ment. However, considering the difficult experimental technique, the

agreement with an expected value of 0.002 ;—e-zs%l—-c; is considered fair.

C
One more loose end to be considered is tre effective value of C /°
of a composite film. The previous calculations assume the value of _C/o
for glass is correct. The assumption is shown to be relatively good for if

ons sgain considers a weighted average one obtains for the composite film.

‘ mass of glaes madgs of metal
e /= G/J/ por unit area +( per unit area
av / glagss  total mess /metal total mass
-/

CONFIDENTIAT
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C/O /aV = 0.484

which differs from the (70 of glass by less than 1 percent.

TABLE I

. 3 t Equivalent Thickness b‘.‘i'

Film . ~1 1/2 of Chrome Backing e e
No. (microns) (ecm ) (sec) (microns) € S8, Cm
16 L .6 .0 2.0 1.5 0.26 0.009
136 2 L.5 0,92 1.5 0.25 0.017
235 > 551 1.65 0.1 0.34 0.,0077
230 S 5.6 1.65 0.08 0.34 0.0045

TABLE IT

Filn

_Ho. Vethod of Blackening Bmissivity
16 Canphor smoke 0.26

136 No blackening 0.25

235 Sprayed lampblack 0.34

106 Sprayed aquadag 0.30

210 Sprayed with medium resistance paint 0,23

R{ISSIVITY OF THE FILMS

It is now clear that the limiting value of the heat conductivity is

CONFIDENTIAL
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being approached, Thus we are left with two parameters to vary, i.e., €
and &. A value of one micron has been reached for 8 and a.rv further
decrease in thickness will be difficult to realize. The parameter that
needs to be controlled is the emissivity. A series of experiments were
carried out to determine the effects of various blackening materials on the
emissivity of the films., Table II shars the results.

The results of Table II are interpreted as meaning the blackening of
the films has no effect upon the rate at which a £ilm will lose heat. 'I‘wo
inferences regarding the loss of heat from the film ca.n be made. First,
the glass film radiates to the backing and the backing then radiates to
the swroundings. Second, the heat is carried by conduction to the backing
and then radiated. Note that the second hypothesis requires that the con-
duction time be adjusted so as to make the emlssivity appear to be the same
as a f£ilm which is not blackened. ‘

One more effect of interest is that the emissivity is a function of the
thickmess of the film. This follows directly from the fact that emisslvity

znd absorptivity are equal. Thus a thicker £11n absorﬁs nore radiation and
" thus enits more radiation. A measure of the transmission of clear glass
f1lms was obtained using a source kept at 160° C. and a thermopile. The

results of thls measurement are shown in Figure 3.

* UK NESS (M) —>

Figure 3 .
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1 we assure that the index of refraction of glass for infra-red is
about the same as for visible light then 4% of the incident radiation is
reflected. DLxtrapolatin; the experimental curve shows that the absorption
quickly goes to zero for thicknesses less than one micron. This provides
an additional reason for thinking that therc i3 not a good reason for going
to filns thirner than ono micronm.

The valves of emissivities obtzined from the transmission experiment
are consistent with the -ralues found from the decay time.

T+ should be noted that while the blackening does not increase the rate
at which the film loses aeat, it does raise th: temperature of the film in
a radiation field 2bove that of the unblackened film. Blaclkening is still

NS necessury for a sensitive instrurent.

n. Michell
12-13-51
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